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INTRODUCTION 

The  major  structural  component*  of  a  cannon  are  subjected  to  quite  severe 
service  conditions  Including  applied  stresses  which  approach  the  material 
yield  strength,  high  temperature  exposure,  and  aggressive  chemical  environ¬ 
ments.  Because  there  are  limitations  on  the  size  and  weight  of  a  cannon,  It 
Is  not  possible  to  simply  Increase  the  section  size  of  a  cannon  In  order  to 
minimize  the  effects  of  the  service  conditions.  As  with  many  highly  stressed 
structural  components,  the  tendency  has  been  to  Increase  the  strength  of 
cannon  materials  In  response  to  the  conflict  between  service  conditions  and 
weight  limitations.  This  Increase  in  strength  has  resulted  In  a  related 
increase  in  concern  for  crack-related  fracture  of  cannons.  Quite  naturally, 
high  strength  materials  are  highly  stressed,  and  unfortunately  they  are  less 
tolerant  of  cracks  than  low  strength  materials.  This  combination  results  in  a 
greatly  increased  likelihood  of  fracture  compared  with  with  that  for  low 
strength  materials.  The  purpose  of  this  report  Is  to  review  the  damage  and 
failures  which  can  occur  in  cannons  with  emphasis  on  the  types  of  crack- 
related  fracture  which  seriously  affect  the  function  and  service  life  of 
cannons . 

The  review  will  be  In  two  parts.  First,  s  brief  deecrlptlon  Is  given  of 
a  very  severe  type  of  damage  and  failure  which  can  occur  In  Incorrectly 
designed  cennone ;  that  Is,  a  brittle,  fragmentation-type  failure  of  a  canne n 
made  from  a  ataal  with  too  low  a  valua  of  fractura  toughnaaa.  Second,  e 
typical  progression  of  crack-related  fracture  In  a  cannon  la  daacrlbad.  This 
Includes  crack  initiation  at  tha  Innar  radiua  of  a  cannon  tuba,  fatigue  crack 
growth  In  the  tube  well,  end  the  final  feet  failure  through  to  the  outer 
redlue  of  the  cylinder. 
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A  failure  of  an  Army  canr-on  occurred  In  1966  which,  based  on  an  extensive 
Investigation,  proved  to  be  a  classic  brittle  fracture  as  the  result  of  normal 
service  conditions.  Details  of  the  failure  and  the  redesign  of  the  cannon 
have  been  des-rlbed  e Lsewhere. ^ > -  The  brief  review  here  is  intended  to 
describe  the  extreme  situation  of  very  severe  damage  and  failure  of  a  cannon. 
In  fact,  this  failure  led  to  many  fracture-safe  design  procedures  now  used  for 


Figure  1.  Early  brittle  failure  of  175  mm  Inner  diameter  Army  cannon. 


^Davidson,  T.  E.  ,  Throop,  J.  F.,  and  Underwood,  J.  H. ,  "Failure  of  a  175  mm 
Cannon  Tube  and  the  Resolution  of  the  Problem  Using  an  Autof rettaged  Design," 
Case  Studies  In  Fracture  Mechanics ,  T.  0.  Rich  and  L).  U.  Cartwright,  Eds. 
AMMRC  MS  77-5,  Army  Materials  and  Mechanics  Research  Center,  1977. 

^Underwood,  J.  4.  and  Kendall,  I).  P.  ,  "Fracture  Analysis  of  Thick-Wall 
Cylinder  Pressure  Vessels,"  ARLCH-TR-82O07 ,  ARRADCoM,  Benet  Weapons 
Laboratory,  Watervliet,  NY,  April  1982. 


1. 


The  photograph  in  Figure  1  glvaa  a  good  description  of  the  serious, 
fragmentation  nature  of  the  failure.  Heny  fragments  and  the  remaining  breech 
end  of  the  175  mm  cannon  tube  are  shorn.  Careful  examination  of  the  fracture 
surfaces  determined  that  the  origin  of  the  fragmentation-type  failure  mas  s 
aeml-elllptically  shaped  fatigue  crack  from  the  inner  radius  of  the  tube  with 
a  depth  of  a  *  9.4  am  into  the  tube  wall  (in  the  radial  direction)  and  a 
length  of  2c  •  28  mm  along  the  inner  radius  (in  the  axial  direction).  Using 
this  critical  crack  site  information  along  with  the  cannon  firing  pressure  and 
geometry  and  fracture  mechanics  solutions  from  the  literature,  the  applied 
stress  intensity  factor  at  failure  can  be  calculated.  Comparison  of  the 
applied  stress  intensity  factor  with  the  measured  critical  stress  intensity 
factor  for  the  material,  that  is,  the  plane  strain  fracture  toughness,  is  the 
accepted  method  for  describing  and  predicting  the  conditions  for  brittle 
fracture.  This  comparison,  for  the  175  mm  tube  which  failed,  can  be  made  from 
Eqe.  (1)  and  (2)  below.  First, 

Applied  "  2*70  f.  p(  a)1/2  -  112  *a(m)l/2  (1) 

In  Bq,  (1)  the  constant  2.70  la  from  the  K  solution-  for  a  9.4  mm  deep  crack 
in  a  pressurised  cylinder  with  178  mm  inner  radius  and  373  mm  outer  radius. 

The  factor  fa  -  0.70*  accounts  for  the  fact  that  the  creek  Is  semi -elliptical 
in  shape  rather  than  straight-fronted  as  required  in  the  K  solution, 3  p  is  the 


^Bowie ,  0.  L.  and  Freese,  C.  E. ,  "Elastic  Analysis  For  a  Radial  Crack  in  a 
Circular  Ring,"  Engineering  Fracture  Mechanics.  Vol.  4,  No.  2,  June  1972,  pp. 
315-321. 

*Newman,  J.  C.  and  Raju,  l.  9.,  "Analysis  of  Surface  Creeks  in  Finite  Plate 
Under  Tension  or  Bending  Losds,"  NASA  TP  1578,  National  Aeronautics  and  Space 
Administration,  1979. 
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firing  pressure  of  Che  cannon,  345  MPa,  and  a  la  Che  9.4  mm  crack  depCh.  This 


gives  Che  value  of  Kgppxxed  indicated,  112  MPa(m)^2.  Comparing  this  wich 

Immaterial  -  *Ic  -  90  MPatm)1^  (2) 

indicates  ChaC  a  failure  would  be  expecCed  because  Kapplied  Is  considerably 
above  Kxc.  There  are  ocher  requisites  for  a  brittle  failure,  such  as  a  large 
enough  section  size  in  the  component  so  that  the  plane  strain  constraint  can 
be  maintained  at  the  crack  tip.  But  the  basic  requirement  is  that  Kapplied 
exceed  Kxc.  Since  this  was  clearly  the  case,  the  redesign  of  the  gun  tube 
focused  on  increasing  the  material  fracture  toughness,  Kxc. 

The  basic  change  required  in  the  redesigned  tube  was  dictated  by  test 
results  such  as  those  shown  in  Figure  2.  This  plot,  from  recent  work, 5  shows 
the  consistent  decrease  in  fracture  toughness  which  is  observed  in  structural 
materials  as  the  yield  strength  is  Increased.  The  results  in  Figure  2  are 
from  a  number  of  gun  tube  fogging a  which  had  been  quenched  and  tempered  to 
different  yield  strengths  from  about  1100  to  1300  MPa.  This  same  effect  is 
observed  for  nearly  all  structural  alloys,  that  is,  a  decreasing  toughness 
with  increasing  strength.  Thus,  the  maximum  allowed  yield  strength  for  the 
175  mm  tube  was  decreased  from  1310  to  1100  MPa,  resulting  in  a  significant 
increase  in  expected  fracture  toughness.  The  data  in  Figure  2,  obtained  from 
recent  gun  tube  forgings,  correspond  to  an  increase  in  average  (linear 
regression  line)  toughness  from  about  128  to  185  MPa.  These  values  Include  no 
testing  variation  or  tube-to-tube  variation,  but  they  do  show  the  significant 

^Underwood ,  J,  H. ,  "The  Equivalence  of  Kxc  and  Jxc  Fracture-Toughness 
Measurements  in  Ni-Cr-Mo  Steels,"  Experimental  Mechanics,  Vol.  18,  No.  9, 
September  1978,  pp.  350-355. 
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increase  In  toughness  which  can  be  accomplished  by  reducing  the  yield 
strength. 


Figure  2.  Fracture  toughness  and  Charpy  energy  versus  yield  strength 
for  ASTM  A723  cannon  forgings;  from  Reference  5. 


^Underwood,  J.  H. ,  "The  Equivalence  of  Kic  and  Jjc  Fracture-Toughness 
Measurements  in  Ni-Cr-Mo  Steels,"  Experimental  Mechanics,  Vol.  18,  No.  9, 
September  1978,  pp.  350-355. 
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A  second  important  change  In  the  redesigned  tube  was  from  an  air-melted 
to  a  vacuum-melted  steel.  In  Figure  2,  for  a  strength  of  180  MPa,  that  of  the 
failed  tube,  the  lower  bound  of  fracture  toughness  Is  about  140  MPa(m)l/2. 

This  value  and  all  data  in  Figure  2  Is  from  vacuum  processed  gun  steel.  From 
Eq.  (2)  above,  the  measured  Kic  from  the  failed  tube  was  90  MPa(m)^/2*.  This 
difference  Is  attributed  to  air  versus  vacuum  melting  of  the  steel.  In  the 
ASTM  specification**  for  high  strength  pressure  components,  which  is  now  used 
for  gun  tube  forgings,  a  vacuum  treatment  of  the  steel  is  required. 

The  brittle  failure  which  occurred  during  firing  of  the  175  mm  gun  tube 
has  been  intentionally  duplicated  in  laboratory  and  controlled  field  testing 
of  tubes  with  similar,  low  fracture  toughness.  In  more  recent  175  mm  and 
other  size  gun  tubes  which  have  incorporated  the  lower  strength,  higher 
toughness,  vacuum  treated  steel  described  above,  there  was  no  indication  of  a 
brittle,  fragmentation-type  failure.  A  material  fracture  toughness,  Kxc,  in 
excess  of  applied  stress  intensity  factor,  has  become  an  absolute 

requirement  in  gun  tube  design,  in  order  to  avoid  brittle  fracture  during 
service. 


^Standard  Specification  for  Alloy  Steel  Forgings  for  High-Strength  Pressure 
Component  Application,  ASTM  A723-80,  Annual  Book  of  ASTM  Standards,  Part  4, 
American  Society  for  Testing  and  Materials ,  1982,  pp.  79 1—7*97 . 


*Thls  value  should  be  considered  a  lower  bound,  for  comparison  with  the  lower 
bound  from  Plgure  2,  because  it  was  from  the  one  tube  which  failed  out  of  a 
large  population. 


TYPICAL  DAMAGE 


Careful  analysis  of  a  fracture  surface  of  a  cannon  tube  can  reveal  the 
typical  damage  and  failure  processes  which  occur  during  service  loading. 

Figure  3  is  a  photo  of  a  tube  fracture  surface^  with  a  small  portion  of  the 
inner  radius  Included  at  the  -bottom  of  the  photo.  The  area  of  fracture 
surface  shown  is  about  70  mm,  the  tube  wall  thickness,  by  about  250  mm.  This 
fracture  surface  shows  quite  graphically  the  service  damage  that  can  occur. 

It  is  convenient  to  categorize  the  damage  into  three  types,  crack  initiation, 
fatigue  crack  growth,  fast  crack  growth.  Before  discussing  these  categories, 
one  other  Important  aspect  of  service  damage  must  be  discussed,  since  it  can 
significantly  affect  or  even  control  all  of  the  damage  processes  in  a  cannon. 
This  is  the  effect  of  chemical  environment.  As  one  important  example.  It  is 
known  that  hydrogen  sulfide,  H2S,  is  present  in  many  cannon  firing  products. 
Fruther,  H2S  has  been  identified  in  the  work  of  Clark®  and  others  as  a  very 
aggressive  environment  for  high  strength  steels  of  the  type  used  for  gun 
tubes.  Each  of  the  three  types  of  damage  mentioned  above  can  be  greatly 
accelerated  by  H2S.  Since  it  is  the  inner  radius  of  the  tube  which  is  exposed 
to  H2S,  the  initiation  and  early  fatigue  crack  growth  could  be  the  most 


^Underwood,  J.  H.  and  Throop,  J.  F.,  "Surface  Crack  K-Estimates  and  Fatigue 
Life  Calculations  in  Cannon  Tibes,"  Part-Through  Crack  Fatigue  Life 
Prediction,  ASTM  STP  687 ,  J.  B.  Chang,  Ed.,  American  Society  for  Testing  and 
Materials,  1979,  pp.  195-210. 

®Clark,  W.  G. ,  Jr.,  "Stress-Corrosion  Crack  Initiation  in  High-Strength  Type 
4340  Steel,”  Flaw  Growth  and  Fracture,  ASTM  STP  631,  American  Society  for 
Testing  and  Materials,  1977,  pp.  121-138. 
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affected,  and  these  shallow  crack  damage  processes*  account  for  most  of  the 
service  life  of  a  cannon  tube,  so  environmentally  assisted  or  controlled 
damage  of  cannon  components  must  be  considered.  Fortunately,  there  Is  no 
sustained  tensile  service  loading  at  the  Inner  radius  of  a  cannon  tube,  so 
that  environmentally  assisted  crack  growth  is  seldom  observed.  The  time 
duration  of  tensile  loading  during  firing  is  so  3mall  that  environmentally 
assisted  fracture  rarely  occurs. 


Figure  3.  Fracture  surface  of  cannon  tube  after  fatigue  failure; 

A723  steel,  1200  MPa  yield  strength,  60  mm  inner  radius, 
130  mm  outer  radius;  from  Reference  7. 


^Underwood,  J.  H.  and  Throop,  J.  F. ,  "Surface  Crack  K-Estlmates  and  Fatigue 
Life  Calculations  In  Cannon  Tubes,"  Part-Through  Crack  Fatigue  Life 
Prediction,  ASTM  STP  687,  J.  B.  Chang,  Ed.,  American  Society  for  Testing  and 
Materials,  1979,  pp.  195-210. 


*Early  fatigue  crack  growth  is  believed  to  have  the  most  effect  on  service 
life  of  cannons. 


Crack  Initiation 


Referring  again  to  Figure  3,  a  aectlon  of  the  Inner  radlua  of  the  cannon 
tube  can  be  seen  at  the  bottom  of  the  photo.  For  this  particular  tube,  a 
relatively  severe  heat  checking  and  erosion  process  has  occurred;  the  dark 
areas  oriented  in  the  horizontal  direction  in  the  photo*  are  eroded  areas 
several  millimeters  in  depth.  More  typical  in  tubes  with  lower  firing 
temperatures  at  the  inner  radius  would  be  heat-check  cracking  of  up  to  1  mm  in 
depth.  Both  the  severe  and  the  more  typical  shallower  damage  are  due  to  the 
thermal  and  transformational  stresses  associated  with  the  temperature  cycling 
at  the  inner  radius.  The  damage  occurs  within  a  few  tens  or  hundreds  of 
cycles,  so  compared  with  the  many  thousands  of  cycles  of  life  expected  from  a 
cannon,  crack  initiation  occurs  relatively  quickly.  The  transformation  from 
the  heat -check  initiation  of  cracks  to  the  start  of  fatigue  crack  growth  can 
be  seen  in  Figure  3.  Many  areas  of  crack  initiation  at  the  inner  radlue  have 
linked  together  to  form  a  continuous  fatigue  crack  along  the  entire  length  of 
the  aectlon  of  the  tube  shown  in  the  photo.  Growth  of  fatigue  cracks  in 
cannons  is  considered  next. 

Fatigue  Crack  Growth 

For  those  who  doubt  that  fatigue  cracks  are  generally  present  in  cannons, 
consider  Figure  4, 7  This  polished  and  etched  cross  section  of  a  tube  shows 
that  many  fatigue  cracks  can  be  present.  Two  cracks  appear  at  nearly  every 

^Underwood,  J.  H.  and  Throop,  J.  F.,  "Surface  Crack  K-Edtimates  and  Fatigue 
Life  Calculations  in  Cannon  Tubes,"  Part-Through  Crack  Fatigue  Life 
Prediction,  ASTM  STP  687,  J.  B.  Chang,  Rd.,  Aaerlcan  Society  for  Testing  and 
Materials,  lil? ,  pp.  195-210. 

*This  is  the  axisl  direction  in  the  tube. 
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rifling  land,  with  the  longer  of  the  two  cracks  nearly  always  from  the  side  on 
which  side  loading  is  applied  to  the  land  by  the  projectile.  The  point  here 
is  that  because  of  weight  limitations,  cannon  tubes  have  stresses  high  enough 
that  fatigue  cracks  can  grow,  once  they  are  initiated  at  the  inner  radius. 


Figure  4.  Polished  and  etched  cross-section  of  cannon  tube  after  fatigue 
loading;  from  Reference  7. 


^Underwood,  J.  H.  and  Throop,  J.  F.,  "Surface  Crack  K-Estimates  and  Fatigue 
Life  Calculations  in  Cannon  Tubes,"  Part-Through  Crack  Fatigue  Life 
Prediction,  ASTM  STP  687,  J.  B.  Chang,  Ed.,  American  Society  for  Testing  and 
Materials ,  1$79,  pp.  19T-210. 
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The  growth  of  f  itigue  cracks  la  typically  1  seal -elliptical  shape,  sea 
again  Figure  3.  A  nearly  semi-circular  shape  is  preferred  with  a  shape  factor 
a/2c  -  0.5.  However,  as  in  Figure  3,  the  crack  Initiates  along  a  considerable 
length  of  the  tube  due  to  interconnected  heat-check  cracks  or  rifling,  so  a 
semi -elliptical  shape  with  a/ 2c  much  less  than  0.5  is  typical.  The  crack 
grows  progressively  faster  as  It  approaches  the  outer  radius,  and  the  crack 
growth  for  the  last  few  cycles  can  sometimes  be  seen  with  the  unaided  eye,  as 
In  Figure  3.  The  very  last  cycle  is  a  fast  break-through  to  the  outer  radius, 
the  top  of  Figun  3.  This  will  be  discussed  later. 

The  factors  which  control  the  rate  of  fatigue  crack  growth  per  cycle  in 
cannon  tubes  have  been  investigated  by  the  late  J.  F.  Throop. ^"ll  The  well 
known  expressions  for  stress  and  stress  intensity  factor  in  a  thick-wall 
cylinder  can  be  used  to  determine  the  rate  of  fatigue  crack  growth  in 
cylinders  with  idealized  loading  and  geometry.  It  la  the  contributions  of 
complex  residual  stresses  anc  variable  crack  geometries  that  Throop 
Investigated,  primarily  by  experiments  with  full  size  cannon  tubes. 

Kesi-dual  stresses  are  uow'  routinely  Imparted  to  cannon  tubes  in  order  to 
prevent  or  at  least  slow  the  cracking  which  can  occur,  see  again  Figure  4. 


^Throop,  J.  F. ,  Undorwood ,  J.  H. ,  and  Leger,  G.  S. ,  "Thermal  Relaxation  in 
Autof rettaged  Cylinders,”  Residual  Stress  and  Stress  Relaxation,  Sagamore 
Army  Materials  Research  Conference  Proceedings,  28th,  E.  Kills  and  V.  Weiss, 
Eds.,  Plenum  Press,  New  York,  1982,  pp.  205-226. 

10Parker,  A.  P. ,  Underwood,  J.  H. ,  Throop,  J.  F.,  end  Andraslc,  C.  P., 

” Street  Intensity  and  Fatigue  Crack  Growth  in  a  Pressurized,  Autof rettaged 
Thick  Cylinder,"  Fracture  Mechanics:  Fourteenth  Symposium,  ASTM  STP  791, 
American  Society  for  Testing  and  Materials,  1983. 

^Davidson,  T.  E.  and  Throop,  J.  F.,  "Practical  Fracture  Mechanics 
Applications  to  Design  of  High  Pressure  Vessels,”  Application  of  Fracture 
Mechanics  to  Design,  J.  J.  Burke  and  V.  Weiss,  Eds.,  Plenum  Publishing,  %w 
York,  1979,  pp.  111-138. 
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The  residual  stresses  are  produced  by  loading  the  tube  using  Internal  pressure 
or  an  Internal,  oversized  mandrel  to  a  point  where  some  or  all  of  the  tube 
wall  is  above  the  yield  strain  of  the  steel.  This  overstrain  results  In  a 
distribution^  of  both  compressive  and  tensile  residual  stresses  in  the  tube. 
Such  distributions  for  three  amounts  of  overstrain  are  shown  in  Figure  5.  The 
stress  Is  that  In  the  circumferential  direction,  which  Is  normal  to  the  plane 
of  dominant  cracking  In  cannon  tubes  and  Is  therefore  of  primary  concern.  The 
r^,  r 2,  and  W  are  inner  radius,  outer  radius,  and  wall  thickness,  respec¬ 
tively.  A  partial  overstrain,  such  as  10  percent.  Is  the  situation  In  which 
yielding  has  occurred  from  the  inner  radius  out  to  a  point  30  percent  through 
the  wall  thickness.  The  results  of  full  scale  fatigue  life  testslO  of  tubes 
with  residual  stress  distributions  as  Indicated  in  Figure  5  are  shown  in 
Figure  6.  These  tests  are  a  direct  measure  of  residual  stress  effects  on  tube 
life,  and  they  are  guidance  to  analysts  for  Incorporating  some  complex  and 
uncertain  factors  Into  their  estimates  of  fatigue  life.  For  example,  a 
critical  uncertainty  in  fatigue  life  analysis  Is  the  effect  of  nonideal 
yielding  which  is  known  to  occur  In  high  strength  steels  and  is  not  Included 
In  Idealized  residual  stress  distributions  such  as  Figure  5. 


^Throop,  J.  F. ,  Underwood,  J.  H. ,  and  Leger,  G.  S. ,  "Thermal  Relaxation  In 
Autof rettaged  Cylinders,”  Residual  Stress  and  Stress  Relaxation,  Sagamore 
Array  Materials  Research  Conference  Proceedings,  28th,  E,  Kula  and  V.  Weiss, 
Eds.,  Plenum  Press,  New  York,  1982,  pp.  205-226. 

1 ^Parker,  A.  P. ,  Underwood,  J.  H, ,  Throop,  J.  F. ,  and  Andraslc,  C.  P. , 

"Stress  Intensity  and  Fatigue  Crack  Growth  In  a  Pressurized,  Autof rettaged 
Thick  Cylinder,"  Fracture  Mechanics:  Fourteenth  Symposium,  ASTM  STP  791, 
American  Society  for  Tlestlng  and  Materials,  1963. 
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Figure  5.  Circumferential  residual  stress  due  to  overstrain  relative  to 
yield  strength  versus  relative  position  in  tube  wall ;  von 
Miaes'  yield  criterion;  elastic-perfectly  plastic  material 
properties. 

The  experiments  summarized  in  Figure  6  used  cannon  tubes  in  which  a  6.4 
mm  deep  semi-circular  notch  was  electric-discharge  machined  at  the  inner 
radius.  During  pressure  cycling  the  growth  of  the  crack  was  measured  by  an 
ultrasonic  method  until  final  break-through  of  the  90.7  mm  thick  tube  wall. 
For  all  tests  the  crack  shape  remained  close  to  a  semi-circle,  a/ 2c  *  0.5. 
The  results  show  a  significant  Increase  in  life  due  to  a  relatively  small 
amount  of  overstrain,  30  percent,  and  a  smaller  increase  in  life  for  60 
percent  overstrain.  This  indication  of  a  diminishing  return  on  increase  in 


3 


life  may  be  due  Co  Che  similar  trend  of  the  residual  compressive  stress  at  Che 
Inner  radius,  see  again  Figure  5.  In  addition,  the  nonideal  yielding 
mentioned  above  could  contribute  to  the  diminishing  Increase  in  fatigue  life 
with  Increase  in  overstrain.  Higher  overstrain  Involves  more  yielding  and 
thus  more  opportunity  for  nonideal  effects. 


s  A  = 


Figure  6.  Fatigue  crack  depth  versus  number  of  pressure  cycles  for 
overstrained  thick-wall  cylinders;  A723  steel,  1175  MPa 
yield  strength;  from  Reference  10. 


10Parker,  A.  P. ,  Underwood,  J.  H. ,  Throop,  J.  F.,  and  Andraslc,  C.  P. , 
"Stress  Intensity  and  Fatigue  Crack  Growth  in  a  Pressurized,  Autof rettaged 
Thick  Cylinder,"  Fracture  Mechanics;  Fourteenth  Symposium,  ASTM  STP  791, 
American  Society  lor  Testing  and  Materials,  1963. 
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Another  Important  controlling  factor  for  fatigue  crack  growth  In  cannon 
(and  In  any  component)  Is  the  shape  of  the  crack.  Figure  7  summarizes  other 
work  of  ThroopH  which  shows  the  effect  of  crack  shape  from  one  extreme,  a 
semi-circular  crack  with  a/ 2c  *  0.5,  to  near  the  other  extreme,  a  very  long, 
straight-fronted  crack  with  a/ 2c  ♦  0.  The  values  of  (a/2c)0  shown  In  Figure 
7  are  the  starting  values  associated  with  electric-discharge  machined,  6. A  mm 
deep  notches  In  the  cylinders.  The  cylinder  with  a/ 2c  “  0.5  Is  the  same  as 
that  In  Figure  6.  A  cylinder  with  a  2c  ”  102  mm  long  notch  was  tested. 
Indicated  by  (a/2c)0  *  0.062.  TVo  cylinders  with  a  2c  ■  508  mm  long  notch 
were  tested.  Indicated  by  (a/2c)Q  *  0.012.  Note  that  for  the  nearly  straight- 
fronted  crack,  with  (a/2c)0  »  0.062,  the  fatigue  life  was  nearly  ten  times 
shorter  than  for  the  semi-circular  crack.  This  demonstrates  that  the 
initiation  of  a  crack  over  a  considerable  surface  length  will  significantly 
reduce  fatigue  life  over  that  for  single  point  Initiation.  In  addition  to 
decreasing  fatigue  life,  the  straight-fronted  crack  will  also  favor  a  fast 
final  failure.  Note  that  for  the  two  tubes  with  nearly  straight-fronted 
cracks,  final  failure  occurred  at  a  crack  depth  of  about  40  mm,  rather  than 
very  near  the  tube  outer  surface  at  a  ■  90.7  mm,  as  for  all  the  other  tubes  in 
Figures  6  and  7. 


^Davidson,  T.  E.  and  Throop,  J.  F. ,  "Practical  Fracture  Mechanics 

Applications  to  Design  of  High  Pressure  Vessels,"  Application  of  Fracture 
Mechanics  to  Design,  J.  J.  Burke  and  V.  Weiss,  Eds.,  Plenum  Publishing,  New 
York,  1979,  pp.  111-138. 
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Figure  7.  Patigue  crack  depth  versus  number  of  pressure  cycles  for 
thick-wall  cylinders  with  cracks  of  various  shapes;  A723 
steel,  1175  MPa  yield  strength;  from  Reference  11. 

The  basic  cause  of  the  lower  resistance  to  both  fatigue  crack  growth  and 
fast  crack  growth  for  longer  surface  cracks  is  the  higher  value  of  stress 
intensity  factor.  Recent  w>rk  by  Newman^  gives  general  purpose  expressions 
(based  on  three  dimensional  finite  element  analyses)  for  calculating  stress 
intensity  factors  for  cracks  with  a  wide  range  of  depth  to  surface  length 
ratio.  The  expressions  apply  for  finite  thickness  geometries  under  both 


^Newman,  J.  C.  and  Raju,  I.  S.,  "Analysis  of  Surface  Cracks  in  Finite  Plate 
Under  Tension  or  Bending  Loads,"  NASA  TP  1578,  National  Aeronautics  and 
Space  Administration,  1979. 

^Davidson,  T.  8.  and  Throop,  J.  F.,  "Practical  Fracture  Mechanics 
Applications  to  Design  of  High  Pressure  Vessels,"  Application  of  Fracture 
Mechanics  to  Design,  J.  J.  Burke  and  V.  Weiss,  Eds.,  Plenum  Publishing,  New 
York,  19>$,  pp.  111-138. 
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tension  and  bending  loading.  These  expressions  can  be  used  for  a  component, 
such  as  a  cannon,  which  has  loading  which  can  be  well  described  by  a 
combination  of  bending  and  tension  loading.  With  this  stress  intensity  factor 
information  and  results  such  as  in  Figure  7,  accurate  descriptions  of  fatigue 
crack  growth  due  to  service  loading  can  be  made  for  cannon  components. 

Fast  Crack  Growth 

A  very  common  consideration  with  fast  crack  growth  of  cannon  components 
is  the  effect  of  the  relatively  high  time  rate  of  loading.  The  rate  effect 
is  of  most  concern  during  the  final  fast  growth  of  a  crack  out  to  the  outer 
radius  of  the  cylinder.  Some  of  the  first  work  on  rate  effects  on  the  yield 
and  fracture  of  cannon  steels  was  performed  by  Kendall. 12,13  Some  of  his 
results  are  summarized  in  Figures  8  and  9.  Figure  8  shows  a  quite  gradual 
Increase  in  yield  strength  over  five  orders  of  magnitude  of  elastic  strain 
rate.  The  strain  rate  in  a  typical  cannon  firing  is  about  1.0  s”1*,  based  on 
a  typical  yield  strain  for  the  material  of  0.005  and  a  time  from  zero  to 
maximum  pressure  in  a  cannon  of  0.005  s.  Comparing  the  strength  at  1.0  a-1 
strain  rate,  1130  MPa,  with  that  at  10"3  s”1  strain  rate  (for  a  typical  static 
test) ,  1095  MPa,  shows  that  loading  rate  has  little  effect  on  yield  strength. 
Figure  9  summarizes  effects  of  loading  rate  and  temperature  on  the  fracture 

^Kendall,  D.  P.  and  Davidson,  T.  E.,  "The  Effect  of  Strain  Rate  on  Yielding 
in  High  Strength  Steels,"  Journal  of  Basic  Engineering,  Vol.  88,  1963,  pp. 
37-44. 

^Kendall,  D.  P. ,  "The  Effect  of  Loading  Rate  and  Temperature  on  the  Fracture 
Toughness  of  High  Strength  Steels,”  Materials  Research  and  Standards,  Vol. 
10,  1970. 

*(m/m) ( seconds)”1 


17 


Figure  8.  Yield  strength  versus  elastic  strain  rate  applied  during  yielding ; 
AISI  4340  steel,  longitudinal  direction;  from  Reference  12. 


Figure  9.  Dynamic  and  static  fracture  toughness  versus  test  temperature; 

AISI  4340  steel,  longitudinal  direction;  from  Reference  13. 


^Kendall,  D.  P.  and  Davidson,  T.  E. ,  "The  Effect  of  Strain  Rate  on  Yielding 
In  High  Strength  Steels, "  Journal  of  Basic  Engineering,  Vol.  88,  1963,  pp. 
37-44. 

^Randall,  D.  P. ,  "The  Effect  of  Loading  Rate  and  Temperature  on  the  Fracture 
Toughness  of  High  Strength  Steels,"  Materials  Research  and  Standards,  ltol. 
10,  1970. 
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toughness  of  a  cannon  steel.  Over  a  wide  range  of  temperature,  which  Includes 
the  service  temperatures  of  cannon,  no  significant  difference  between  static 
and  dynamic  fracture  toughness  was  seen.  However,  It  should  be  noted  that  the 
toughness  of  the  material  tested  was  within  the  expected  range  for  good 
quality  material;  for  lower  toughness  materials  adverse  effects  on  toughness 
by  both  low  temperatures  and  high  loading  rates  may  be  observed. 

Fast  crack  growth  of  any  component  Is  more  controlled  by  the  material 
fracture  toughness  than  by  anything  else.  The  most  direct  effect  Is  seen  In 
the  critical  crack  size  required  for  fast  fracture.  Calculations  of  critical 
crack  size  can  be  made  from  expressions  such  as  Eq.  (1).  Each  such  expression 
applies  only  for  a  particular  geometry,  loading,  and  so  forth.  A  common 
feature  which  can  be  obtained  for  nearly  all  cases  is 

ac  -  constant  (Kjc)2  (3) 

so  that  a  given  change  in  fracture  toughness,  Kic,  has  a  larger  (to  the  power 
2)  effect  on  ac.  For  example,  from  Figure  2,  for  a  reduction  in  yield 
strength  from  1300  to  1100  MPa,  the  expected  (linear  regression)  fracture 
toughness  would  increase  from  128  to  183  MPa^ra1/2,  a  factor  Qf  1.45,  and  the 
associated  critical  crack  size  would  Increase  by  a  factor  of  2.09,  see  Table 
I. 


TABLE  I.  EFFECT  OF  YIELD  STRENGTH  ON  FRACTURE  TOUGHNESS,  CRITICAL 
CRACK  SIZE,  AND  SECTION  SIZE  REQUIRED  FOR  FAST  FRACTURE 


Fracture  Toughness 
From  Figure  2 

Ratio  of: 

°ys 

“Ic,/, 

°ys 

KIc 

«c 

section 

MPa 

MPa-ra1/2 

size 

II 

185 

0.85 

1.45 

2.09 

2.92 

128 

_____ 
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Another  less  direct  but  equally  Important  effect  of  fracture  toughness 
on  fast  crack  growth  Is  related  to  the  section  size  around  the  crack  which  is 


required  in  order  for  a  fast  fracture  to  occur.  In  simplified  concept,  if  the 
distance  ahead  of  a  crack  and  along  the  crack  front  is  too  small,  then  the 
plastic  deformation  around  the  crack  will  serve  to  prevent  fast  crack  growth. 
The  expression  for  the  size  which  is  required  for  a  fast  fracture  is: 

size  •  constant  (Kjc  / °ys) ^  (4 ) 

The  material  yield  strength,  0yg,  has  an  effect  in  combination  with  the  Kic 
effect.  Expressions  such  as  Eq.  (4)  are  used  to  calculate  the  required  sl2e 
of  Kjc  test  specimens  for  a  proper  (sufficiently  brittle)  test  and  also  to 
calculate  the  plastic  zone  size  around  a  crack.  The  implications  of  Eq.  (4) 
with  regard  to  cannons  are  shown  in  Table  I.  Note  that  for  a  15  percent 
decrease  in  yield  strength,  there  is  a  corresponding  increase  of  nearly  200 
percent  in  the  section  size  for  which  a  fast,  brittle  failure  would  be 
retarded.  This  effect  has  direct  application  to  the  important  final  failure 
mode  of  a  cannon,  such  as  shown  in  the  fracture  surface  of  Figure  3.  By 
Incorporating  a  modest  decrease  in  the  yield  strength,  the  likelihood  of  a 
safe,  final  break-through  of  a  fatigue  crack  to  the  outer  radius  of  the  cannon 
tube  (top  of  the  photo  in  Figure  3)  Is  greatly  Increased.  It  is  the  Increased 
yielding  around  the  crack  which  effectively  unloads  a  larger  area  around  the 
crack.  This  leads  to  the  safe,  leak-before-break  final  failure  of  the  cannon 
tube  which  Is  now  a  basic  part  of  cannon  design. 
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US  ARMY  INDUSTRIAL  BASE  ENG  ACT 
ATTN:  DRXIB-M 
12  ROCK  ISLAND,  IL  61299 

COMMANDER 

US  ARMY  TANK-AUTMV  RED  COMD 
ATTN:  TECH  LIB  -  DRSTA-TSL 
WARREN,  MI  48090 

1 

COMMANDER 

US  ARMY  TANK-AUTMV  COMD 
ATTN:  DRSTA-RC 
WARREN,  MI  48090 

1  COMMANDER 

1  US  MILITARY  ACADEMY 

ATTN:  CHM ,  MECH  ENGR  DEPT 
1  WEST  POINT,  NY  10996 

1 

1  US  ARMY  MISSILE  COMD 

1  REDSTONE  SCIENTIFIC  INFO  CEN 

1  ATTN:  DOCUMENTS  SECT,  BLDG  4484 

2  REDSTONE  ARSENAL,  AL  35898 

COMMANDER 

US  ARMY  FGN  SCIENCE  &  TECH  CEN 
ATTN:  DRXST-SD 
1  220  7TH  STREET,  N.E. 

CHARLOTTESVILLE,  VA  22901 

COMMANDER 

US  ARMY  MATERIALS  &  MECHANICS 
1  RESEARCH  CENTER 

ATTN:  TECH  LIB  -  DRXMR-PL 
WATERTOWN,  MA  02172 


NOTE:  PLEASE  NOTIFY  COMMANDER,  ARRADCOM,  ATTN:  BENET  WEAPONS  LABORATORY, 
DRDAR-LC B-TL ,  WATERVLIET  ARSENAL,  WATERVLIET,  NY  12189,  OF  ANY 
REQUIRED  CHANGES. 


NO.  OF 
COPIES 


1 


1 


1 


1 


1 


2 


1 


2 


TECHNICAL  REPORT  EXTERNAL  DISTRIBUTION  LIST  (CONT'D) 


NO.  OF 
COPIES 

COMMANDER 

US  ARMY  RESEARCH  OFFICE 

ATTN:  CHIEF,  IPO  1 

P.O.  BOX  12211 

RESEARCH  TRIANGLE  PARK,  NC  27709 
COMMANDER 

US  ARMY  HARRY  DIAMOND  LAB 

ATTN:  TECH  LIB  1 

2800  POWDER  MILL  ROAD 

ADELPHIA,  MD  20783 

COMMANDER 

NAVAL  SURFACE  WEAPONS  CBN 
ATTN:  TECHNICAL  LIBRARY  1 

CODE  X212 

DAHLGREN,  VA  22448 


NO.  OF 
COPIES 

DIRECTOR 

US  NAVAL  RESEARCH  LAB 
ATTN:  DIR,  MECH  DIV  1 

CODE  26-27  (DOC  LIB)  1 

WASHINGTON,  D.C.  20375 

METALS  &  CERAMICS  INFO  CEN 
BATTELLE  COLUMBUS  LAB 
505  KING  AVE  I 

COLUMBUS,  OH  43201 

MATERIEL  SYSTEMS  ANALYSIS  ACTV 
ATTN:  DRXSY-MP 

ABERDEEN  PROVING  GROUND  l 

MARYLAND  21005 


NOTE:  PLEASE  NOTIFY  COMMANDER,  ARRADCOM,  ATTN:  BENET  WEAPONS  LABORATORY, 
DRDAR-LCB-TL ,  WATERVLIET  ARSENAL,  WATERVLIET,  NY  12189,  OF  ANY 
REQUIRED  CHANGES. 


